The transcription factor abscisic acid insensitive 3 (ABI3) has recently been shown to mediate the dehydration stress response in nonseed and seed plants by regulation of several downstream genes. Here, we show how ABI3 autoregulates its transcription in response to dehydration stress signalling. Autoactivation is primarily through the Sph/RY element CATGCA present at the promoter region of ABI3. Along with other known cis-elements found at the ABI3 promoter, CATGCA remains occluded by nucleosomes during transcription repression. The nucleosomes tend to reposit during active transcription and are associated with several histone modifications, such as H3K9 and K27 acetylations and H3K4 trimethylation. This work thus, reveals the genetic and epigenetic essentials required for expression of the ABI3 gene, a crucial factor regulating dehydration stress signalling in Arabidopsis thaliana.
Abscisic acid insensitive 3 (ABI3), a homologue of maize viviparous 1 (VP1), was identified in mutant background insensitive to ABA hormone. Earlier designated as a seed-specific transcription factor [1] [2] [3] , ABI3 has now emerged as a general regulator in cellular maturation and plant developmental processes such as quiescence of shoot apex meristem, plastid differentiation, regulation of flowering time, etc. [4, 5] . ABI3 was also found at the juncture of ABA-auxin signalling crosstalk during seed germination, lateral root initiation and stress physiology [6] [7] [8] . In recent years, the role of ABI3 has stretched beyond developmental aspects to abiotic stress response. Ectopic expression of the ABI3 in Arabidopsis thaliana imparted higher tolerance to freezing temperature [9] . A breakthrough revelation of ABI3-mediated stress response was the finding that it can impart desiccation stress tolerance to the nonseed bearing system of Physcomitrella patens [10] . In consonance, our previous work has established the role of ABI3 as a key player in dehydration stress response in A. thaliana [11] . ABI3 was found to mediate dehydration stress response by regulating expression of several genes including the CRUCIFERIN group of genes and the osmotolerance imparting late embryogenesis abundant genes.
ABI3 is a multidomain protein belonging to the family of B3 domain-containing transcription factors. Among the members of this family, ABI3, FUS3 and LEC2 are known to form a signalling network which regulates seed maturation and dormancy [12, 13] . In addition to the B3 DNA-binding domain, the ABI3 protein has three other domains: the acidic A1 domain and two other basic domains B1 and B2, which facilitate nuclear localization and mediate protein-protein interaction especially with bZIP factors [14] [15] [16] [17] . Interestingly, the B3 domain of ABI3 is known to bind to three different consensus sequences, the Sph/RY element (CATGCA), to G-box/ABREs (GACGTG) and the AuxRE (TGTCTC) depending on different physiological and developmental cues [7, 15, 18, 19] . It is Abbreviations ABI3, abscisic acid insensitive 3; AIP, ABI3 interacting protein; ARF, auxin response factor; TSS, transcription start site; VPI, viviparous 1. possible that the ability of B3 domain of ABI3 to bind to different cis-elements under various physiological conditions imparts the multifaceted roles of ABI3 in plant stress and developmental responses. Such diversity in the role of ABI3 requires a robust and wellorchestrated signalling network which maintains the spatiotemporal regulation of ABI3.
During seed dormancy, ABI3 is interdependently regulated by phytohormones auxin and ABA. ABA is known to directly regulate ABI3, whereas auxin mediates its function through auxin response factor 10 (ARF10) and 16 (ARF16) [8] . In addition to ARFmediated regulation in seed physiology, ABI3 is known to be regulated by FUS3, LEC1 and LEC2 during seed maturation [20] [21] [22] . Apart from being regulated by a plethora of other factors, ABI3 along with FUS3 is known to form a feedback loop, regulating its own expression during seed development [23] . Additionally, ABI3 is also regulated by CHD1-like protein CHR5 and CHD3-like protein PICKLE (PKL) where former induces active chromatin state by reducing nucleosome occupancy during transcription, while latter represses ABI3 expression via H3 K27 trimethylation post-germination [24, 25] . Apart from transcriptional regulation, ABI3 is also known to be regulated post-transcriptionally and post-translationally. ABI3 protein level is regulated by ABI3 interacting protein (AIP2), an E3 ligase, which ubiquitinates and represses ABI3 activity [26] . The post-transcriptional regulation of ABI3 involves the presence of lengthy 5 0 -UTR in the ABI3 gene, which negatively affects ABI3 expression [27] . Moreover, splice variants of ABI3 homologues were identified in both dicotyledonous and monocotyledonous plants suggesting an important role of alternative splicing in ABI3 expression [28] [29] [30] .
The above-mentioned diverse modes of ABI3 regulation indicate the significance of this gene product in various plant signalling pathways and necessitates understanding the mechanisms of ABI3 regulation in utmost details. Understanding gene regulation in a eukaryotic system has the additional complexity at the level of chromatin. Chromatin organization at the upstream regulatory region of genes is one of the ratedetermining steps for transcriptional activity in eukaryotes [31] [32] [33] . Chromatin structure is regulated by two aspects: (a) the physical signature and (b) the chemical state of the nucleosomes. The physical signature of chromatin implies the distribution of nucleosomes at a gene locus, which can either be strongly or loosely positioned. However, chemical states of nucleosome signify the presence of post-translational modifications on histone residues, such as acetylation, methylation and phosphorylation, among others [34] . Such chemical modifications can prime the locus to either a transcriptionally repressed or transcriptionally activated state. A transcriptionally active gene is defined by the presence of less compacted chromatin structure and the presence of histone modifications associated with active chromatin such as H3 K9ac, H3 K27ac, H3 K4me3, etc. For transcription activation, the physical signature of chromatin needs to alter as well and such alterations are often based on the chemical modifications. Nucleosomes occluding important regulatory elements at the promoter region of a gene need to expose the required sequences for transcriptional activation in the presence of inducible cues [35, 36] .
In the present work, we have aimed to decode the genetic aspects and the chromatin modifications that are essentially involved in regulating expression of the ABI3 gene in response to dehydration stress and stress recovery. We have shown how nucleosomes at the ABI3 locus occlude important regulatory cis-elements during transcriptionally repressed state of the gene, which gets repositioned during transcription activation. This process involves several histone modifications that bring in the necessary alterations in the chromatin landscape. Most importantly, we have shown how ABI3 autoregulates its own gene expressions during dehydration stress and subsequent recovery phases.
Materials and methods

Plant material, growth conditions and dehydration stress treatment
Arabidopsis thaliana (Col-0) seeds were surface sterilized and germinated on Murashige and Skoog (MS) medium (PT010-Himedia, Mumbai, India) supplemented with 0.8% agar. Plants were grown in a growth chamber with longday light conditions (16 h light/8 h dark) at 22°C. Seeds of Nicotiana benthamiana plants used for the transient promoter assay were obtained from Dr. Senjuti Sinharoy, National Institute of Plant Genome Research, India. N. benthamiana seeds were directly sown on potting soil (Soilrite Mix, Keltech Energies Ltd., Bangalore, India) in pot size of 9 cm diameter and 8.5 cm soil depth and grown at 25°C in plant growth room. A. thaliana plants were stress treated as described earlier in Bedi et al. [11] . Threeto four-week-old plants were transferred to empty Petri plates from MS agar plates and dehydrated for 2 h at room temperature (~22 to 25°C). The samples were then recovered for 1 and 4 h (as per the experimental requirement) by adding sterile water. Similarly, 4-to 5-week-old plants of N. benthamiana were subjected to dehydration stress by first soaking excess moisture from the soil using a sterile Kleenex tissue paper and then withholding water for 24 h.
The dehydrated plants were subsequently recovered from stress by watering for 1, 6 and 24 h respectively. Treated samples were collected, snap frozen in liquid nitrogen and stored at À80°C until further use.
ABI3 promoter assay and site-directed mutagenesis
For the promoter assay of ABI3, three promoter constructs were designed encompassing different cis-elements: (a) 1600-bp construct (À1600 to +30), (b) 1100-bp construct (À1100 to +30) and (c) 500-bp construct (À500 to +30). The constructs were amplified from genomic DNA isolated from A. thaliana and ligated into TA vector (InsTAcloning PCR cloning kit, Thermo Fisher Scientific, Waltham, MA, USA). The obtained clones were confirmed by sequencing. The constructs were subcloned into the binary vector pCAMBIA1304 containing GUS reporter gene. The pCAMBIA1304 vector contains CaMV 35S promoter which was excised out by NcoI and BamHI digestion and made promoterless. Site-directed mutagenesis was carried out by using the partial overlapping primers method as described in Zheng et al. [37] using a QuikChange SiteDirected Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Site-directed mutagenesis PCR was carried out with an 1100-bp ABI3 promoter construct in TA vector as the template using primers containing the desired mutation as listed in Table S1b . The incorporated mutations were confirmed by sequencing and subcloned into the pCAM-BIA1304 vector as mentioned above. All the recombinant vectors were first transformed into Escherichia coli DH5a and finally into Agrobacterium tumefaciens (LBA4404) in the presence of kanamycin (50 lg/mL) and rifampicin (50 lg/mL). The transformed Agrobacterium colonies were confirmed by colony PCR using promoter-specific primers (Table S1a) .
Agrobacterium-mediated transient assays and fluorometric GUS assay
Agrobacterium tumefaciens strain LBA4404 harbouring either different wild-type or mutated plasmid constructs were grown overnight at 28⁰C in LB with rifampicin (50 lg/mL) and kanamycin (50 lg/mL). The cells were harvested at OD 600 = 0.600 by centrifugation at 2800 g for 15 min and resuspended in infiltration media (10 mM Mes pH 5.6, 10 mM MgCl 2 and 100 lM acetosyringone). Leaves of N. benthamiana plants were infiltrated with a 1-mL syringe and recovered for 48 h at 25°C in a growth chamber. The infiltrated plants were then subjected to dehydration stress and recovery treatment as mentioned earlier. After every time point, infiltrated leaves were excised and processed. The leaf samples were homogenized in 400 lL of GUS extraction buffer (10 mM EDTA, 50 mM NaH 2 PO4, pH 7.0, 0.1% sodium lauryl sarcosine, 10 mM b-mercaptoethanol and 0.1% Triton X-100) and centrifuged at 15 000 g for 15 min at 4°C. The supernatant was collected and incubated with equal volume of GUS assay buffer (1 mM 4-methylumbelliferyl-D-glucuronide in GUS extraction buffer). The reaction mix was incubated for 60 min at 37°C, terminated with 0.2 M Na 2 CO 3 and measured for fluorescence at 455 nm (excitation at 395 nm, emission at 455 nm) in a fluorimeter (Hitachi F-7000 fluorescence spectrophotometer). The protein concentration of extracted samples was measured as per the Bradford method at 595 nm with BSA as a standard. GUS activity was represented as nanomoles of 4-MU produced per milligram of protein [38] . Data obtained were from 15 sets of biological repeats (n = 15), which showed similar trend after more than 20 biological repeat experiments.
Nucleosome mapping and nucleosome mobility assay
Nuclei were isolated from 1 g of treated and untreated wild-type A. thaliana plants as described previously [11, 39] . The nucleosome mapping method was adapted from Sekinger, Moqtaderi [40] with some modifications. Briefly, nuclei isolated from untreated plants were subjected to increasing concentrations of micrococcal nuclease (MNase) enzyme (Worthington, MN, USA) for 15 min at 37°C and the reaction was terminated with 1% SDS and 50 mM EDTA. DNA was isolated and electrophoresed in 1.5% agarose gel. Di-and mononucleosomal DNA were gel excised, purified and subjected to PCR with primers specific to different regions of the ABI3 locus. Primers were designed so as to map every 200 bp of the ABI3 locus starting from 1 kb upstream to 1 kb downstream with respect to transcription start site (TSS). A nucleosome mobility assay was performed as described previously [11] . Nuclei isolated from treated and untreated samples were subjected to digestion with MNase for varying time periods. DNA isolated was subjected to qPCR with ABI3 locus-specific primers (Table S1a ). For each specific region, qPCR performed from different time points was averaged and normalized against the undigested 0 min time point. Nucleosome mobility under dehydration stress and recovery conditions were normalized against the untreated control samples. The values obtained were analysed by the Student's t-test and significant changes P ≤ 0.05 were marked as * on the respective graphs.
Curcumin assay and gene expression study
The curcumin assay was carried out as described in Velanis, Herzyk [41] with some minor changes. Three-to fourweek-old wild-type Arabidopsis plants were taken in a 50-mL tube containing 400 lM of curcumin dissolved in 0.8% DMSO, and vacuum infiltrated for 20 min in a desiccator.
Plant samples were removed from the tube, excess solvent soaked with a paper towel and recovered for 1 h at 22°C in a growth chamber. Samples recovered from the curcumin treatment were further subjected to dehydration stress for 2 h and subsequently recovered for 4 h, as mentioned earlier. For experimental control designated as curcuminuntreated samples, the assay was replicated in 0.08% DMSO (v/v) in the absence of curcumin. The curcumintreated and -untreated samples were used for ABI3 expression analysis and ChIP assay. For ABI3 expression study in the presence of curcumin, RNA was isolated from curcumin-treated and -untreated samples with TRIzol reagent as per the manufactures' protocol (Invitrogen, Carlsbad, CA, USA). RNA preparation was made DNA free by performing DNase I (Thermo Fisher Scientific) digestion as described by the manufacturer. The first strand of cDNA was synthesized using a RevertAid Reverse transcriptase (Thermo Fisher Scientific) with 5 lg of total RNA as a template and was subjected to qPCR for checking ABI3 expression. For expression analyses of a homologue of ABI3 gene (Id: Niben101Scf01220g02008.1) in N. benthamiana (Sol Genomics Network website, https://solgenomics.ne t/organism/Nicotiana_benthamiana/genome) [42] , RNA was isolated from 100 mg of leaf tissues collected from untreated or dehydration stress-treated 4-to 5-week-old plants that were allowed to recover for different time points. RNA was isolated using the TRIzol reagent as per the manufactures' protocol (Invitrogen) and reverse transcribed as mentioned above. The cDNA was subjected to qPCR using primers specific for the ABI3 homologue in N. benthamiana. As internal control 18S ribosomal RNA gene (Id: TC2340) was used [43, 44] . Both the above experiments were carried out in triplicates and significance of the results was determined by comparing the values obtained for stress-treated samples to control samples by the Student's t-test. The significant changes (P ≤ 0.05) were marked as * on the respective graphs.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation to check histone modification marks and ABI3 occupancy at the ABI3 locus was carried out in accordance to the protocol described in Bedi, Sengupta [11] . To check histone modifications, antibodies against H3 K9ac (Abcam #ab10812, Cambridge, UK), H3 K27ac (Abcam #ab4729), H3 K4me3 (Abcam #ab8580) were used along with H3 (Abcam #ab1791) and RNA Pol II (Abcam 8WG16, #ab817). For ABI3 occupancy study, customized antibody raised against the B2-B3 domain of the protein was used (Biobharati, West Bengal, India). Immunoprecipitated DNA was subjected to qPCR with ABI3 locus-specific primers (Table S1a) . Primers designed to the promoter region of EF1A were used as a reference. For the ChIP assay post-curcumin treatment, H3 K9ac, H3 K27ac and H3 antibodies were used.
Quantitative PCR and data analysis
For expression study, RT-qPCR was performed in 20 lL reaction volume containing 19 buffer with SYBR Green (DyNAmo ColorFlash SYBR Green, Thermo Scientific) and 0.25 lM of ABI3-specific primer (Table S1a) . ABI3 expression was normalized to EF1A gene and represented relative to expression at control using the method mentioned by Livak and Schmittgen [45] . ChIP-qPCR was performed as mentioned above and quantified as described in Mukhopadhyay, Deplancke [46] . Briefly, the mean C t values were used to determine ΔC t (C t [sample] À C t [input]). These ΔC t values are further used to calculate ΔΔC t (ΔC t [treated sample] À ΔC t [control]) values, and finally, the fold change was determined using 2 ðÀDDCtÞ and was graphically represented. All histone modification data were normalized against H3 values. All experiments mentioned were performed in at least in triplicates (biological replicates).
The statistical significance was ascertained by performing a paired Student's t-test. In order to avoid false variation among the replicates, the linear form of C t values was used for the t-test. Two-sided P-values were calculated and P ≤ 0.05 was denoted by an asterisk (*) on corresponding graphs.
Results
Nucleosome map of the ABI3 locus
Earlier we have shown that ABI3 expression increases several folds during dehydration stress and subsequent stress recovery phases in Arabidopsis plants [11] . To better understand the regulation of ABI3 gene expression during dehydration stress and recovery response, we first analysed how chromatin landscape at the ABI3 locus changes during such phenomenon. For this, the initial attempt taken was to generate nucleosome map of the ABI3 locus under transcriptionally inactive or off state that is during control condition. Isolated nuclei were digested with increasing concentration of MNase to generate mono-and dinucleosomes, as described earlier by Bedi, Sengupta [11] . DNA from mono-and dinucleosomal fractions was then isolated and PCR amplified using region-specific primers. The PCR-based nucleosome mapping was performed as mentioned by Sekinger, Moqtaderi [40] . The region starting from 1 kb upstream of TSS to 1 kb downstream was mapped with overlapping primers such that each primer set amplify~200-bp DNA fragment. Thus, a nucleosome protected region is expected to generate a 200-bp amplicon, whereas when one or both the primers of a set are in the linker region, no significant amplification will be obtained.
As shown in Fig. 1A ,B, regions where PCR signal intensity generated from mono-and dinucleosomal DNA are comparable and similar to genomic DNA, a positioned nucleosome has been mapped. In this way, four nucleosomes designated as ÀI, ÀII, ÀIII and ÀIV have been mapped upstream to TSS, and four more designated as +I, +II, +III and +IV nucleosomes were placed downstream to TSS. In the upstream region, ÀII, ÀIII and ÀIV nucleosomes seemed more well positioned compared to the ÀI nucleosome, as the ÀI nucleosome region showed higher PCR amplification from the dinucleosomal fraction compared to mononucleosome. The TSS region generated very weak amplification signal from both mono-and dinucleosomal fraction, and thus have a nucleosome which either is not well positioned or is mobile in nature (Fig. 1A , nucleosome with pattern). The region between ÀI nucleosome and the TSS did not generate any PCR signal from either mono-or dinucleosomal fraction, and thu,s no nucleosome could be mapped in this region. Furthermore, sequence analyses of ABI3 locus using bioinformatics software PLACE (http://www.d na.affrc.go.jp) and AGRIS (http://arabidopsis.med. ohio-state.edu/AtcisDB/atcisview) indicated that in the above-mentioned region of ABI3 (1 kb upstream to 1 kb downstream of TSS), there are two known ciselements: the Sph/RY element (CATGCA) and the auxin-responsive element (TGTCTC). Correlating this information with our nucleosome map results it was found that two CATGCA elements in this region were occluded by -IV and +IV nucleosomes respectively. The TGTCTC element is covered by the ÀI nucleosome while ÀII nucleosome occluded a predicted TATA box (Fig. 1B) .
Nucleosome mobility at the ABI3 locus during transcription
Next, we wanted to find out whether nucleosomes at the above-mentioned region of ABI3 locus reposition themselves under cues of dehydration stress and stress Fig. 1 . Nucleosome occupancy at the ABI3 locus. Nuclei isolated from control Arabidopsis plants were subjected to MNase digestion, and di-and mononucleosomal DNA were isolated and subjected to PCR with primers specific to different regions of the ABI3 locus. ÀI to ÀIV cover regions up to 1000 bp upstream to TSS, while +I to +IV cover regions 1000 bp downstream to TSS. (A) Gel pictures of the PCR products and graphical representation of the signal intensity of the PCR products from di-and mononucleosomal DNA. (B) Nucleosomes at specific regions drawn based on the PCR signal intensities; nucleosomes with solid fills are well positioned compared to the nucleosome filled with patterns. The data represented here are a mean of more than three independent experiments with standard error bars. A set of arrows indicate primer pairs used for mapping nucleosomes.
recovery that is during the transcriptionally active state of the ABI3 gene. For this, as described previously, nuclei isolated from Arabidopsis plants under control, stress and recovery conditions were subjected to MNase digestion for increasing time period [11] . DNA obtained was subjected to qPCR and the result for different time points of MNase digestion was averaged to obtain PCR signal intensity for each of control, stress or recovery conditions. Any differential PCR signal intensity in stress and stress-recovery samples compared to control indicated that the nucleosome in the region has repositioned. As shown in Fig. 2 , PCR signal intensity was found to be significantly reduced for nucleosomes at the promoter region during stress and recovery phases. Nucleosome positioned at ÀIV, for example, showed about 50% reduction in signal intensity during stress and subsequent recovery, compared to control condition. Similarly, the ÀIII and ÀII nucleosomes as well as the TSS region showed significantly reduced PCR signal intensity during stress as well as recovery. As per our observations, no significant reduction in signal intensity could be detected for the nucleosomes downstream to TSS, rather significantly increased signal intensity was observed at regions covered by +I and +IV nucleosomes, possibly indicating enhanced positioning during transcription on state (Fig. 2) . From the above results, it is thus clear that nucleosomes at specific regions of the ABI3 locus reposition themselves under conditions of active transcription. Interestingly, the increased nucleosome occupancy observed at the +I position could be due to the repositioning of the nucleosome from near the TSS region, at times of active transcription.
ABI3 mediates its own gene regulation during dehydration stress signalling
In silico analyses along with nucleosome map data that we generated at the ABI3 locus indicated that two ciselements Sph/RY element CATGCA and the AuxRE TGTCTC are present in the above-mentioned region and remain occluded by positioned nucleosomes (Fig. 1) . Furthermore, the nucleosomes in that region reposition themselves, possibly to expose these cis-elements during transcription activation of ABI3 gene in response to dehydration stress (Fig. 2) . ABI3 is known to bind to these two cis-elements both in vitro and in vivo, under specific physiological cues [7, 11] . Therefore, we next wanted to see whether ABI3 gene expression involved binding of ABI3 to these cis-elements in its own promoter region in response to dehydration stress and stress recovery. As shown in Fig. 3A , ABI3 recruitment was checked at the promoter-distal region which has a CATGCA element (À936), in the promoter proximal region bearing a TGTCTC element (À292), as well as in the TSS downstream ORF region bearing another CATGCA element (+779). For this, ChIP-qPCR was performed using anti-ABI3 antibody.
As we have shown previously, ABI3 recruitment to the TGTCTC element was observed during conditions of dehydration stress and recovery [11] ; however, relative to the TGTCTC site, ABI3 occupancy at the upstream region bearing CATGCA element was found to be several folds higher during dehydration stress as well as stress recovery. Interestingly, no significant ABI3 occupancy was detected at the CATGCA element situated downstream to TSS (Fig. 3B) . The above results clearly indicate that ABI3 protein occupies the Fig. 2 . Nucleosome repositioning at the ABI3 locus under dehydration stress and recovery. Nuclei isolated from Arabidopsis plants without or with 2 h of dehydration stress followed by recovery were subjected to MNase digestion for various time periods. DNA isolated was subjected to qPCR with primers specific to ABI3 locus, as mentioned earlier. qPCR carried out from MNase digests for different time points was averaged and normalized against the undigested 0 min. Values obtained for dehydration stress and recovery conditions was normalized against the values from untreated control samples and graphically plotted as ΔΔC t values. The represented data are a mean of four independent experiments with standard error bars. The significance of the results were analysed by the Student's t-test and the significant changes P ≤ 0.05 are marked by *.
upstream regulatory sequence of its own gene and the primary binding site of ABI3 protein under cues of dehydration stress and stress recovery is CATGCA.
ABI3 promoter analyses
ABI3 recruitment to its own upstream regulatory sequences prompted us to analyse ABI3 promoter region in further details. The aim was to understand the exact role of these two cis-elements in ABI3 gene expression during dehydration stress and recovery response. A transient promoter assay in N. benthamiana was therefore performed with three different promoter constructs. As shown in Fig. 4A , an 1100-bp promoter construct containing both Sph/RY (CATGCA) and AuxRE (TGTCTC) elements and a 500-bp construct having TGTCTC but lacking CATGCA, was designed. Furthermore, since we were studying ABI3 expression regulation in response to dehydration stress and recovery, a 1600-bp promoter construct was designed which covered cis-elements DRE (ACCGAC) and rehydration element (ACTCAT), in addition to CATGCA and TGTCTC. As mentioned in Material and methods, the constructs were cloned into binary vector pCAM-BIA1304 which harbours the GUS reporter gene and were transformed into A. tumefaciens for transient GUS assay in Nicotiana. To check GUS expression during dehydration stress and recovery, 4-to 5-week-old Nicotiana plants were stress treated for 24 h followed by 1, 6 and 24 h of stress recovery. Interestingly, N. benthamiana has several homologues of Arabidopsis ABI3, belonging to the B3 family of transcription factors. The homologue (Id: Niben101Scf01220g02008.1) with highest identity to Arabidopsis ABI3 was selected and expression analyses was performed. It was observed that this gene from N. benthamiana gets expressed during dehydration stress and early recovery phases, similar to Arabidopsis ABI3 gene (Fig. S1 ). Our promoter assay results in Nicotiana indicated that the 1100-bp promoter construct which had CATGCA and TGTCTC elements showed a significant increase in GUS expression during dehydration stress and stress recovery compared to control (Fig. 4B) . Increase in GUS expression was found to be several folds higher during dehydration stress and remained about threefold higher compared to control during stress recovery as well. Similarly, with the 1600-bp promoter construct having all the four cis-elements mentioned above, increase in GUS expression was found to be comparable to the 1100-bp construct. The only difference was during 24 h recovery where GUS expression in 1600-bp construct remained higher compared to expression with the 1100-bp construct. However, with the 500-bp construct bearing only TGTCTC element, a basal level GUS expression was observed. No significant fold change in GUS expression was observed with this construct, either during dehydration stress or recovery compared to control (Fig. 4B) . Thus, to summarize, the presence of TGTCTC alone cannot upregulate ABI3 expression, rather CATGCA is essentially required for significant level of ABI3 expression during dehydration stress and stress recovery. ChIP analyses was performed using anti-ABI3 antibody with chromatin isolated from Arabidopsis plants without or with dehydration stress treatment followed by 4 h stress recovery to check ABI3 occupancy at the regions bearing cis-elements TGTCTC and two CATGCA elements. The results were graphically plotted relative to ABI3 occupancy at the TGTCTC site. The represented data are a mean of three independent experiments with standard error bars. The significant changes P ≤ 0.05 are marked by *.
To further dissect the role of these two cis-elements in regulating ABI3 expression, site-directed mutagenesis was carried out to change the core cis-element sequences. For this, the 1100-bp construct bearing only TGTCTC and CATGCA was used as the template as it is evident from the above results that these two ciselements are primarily involved in regulating ABI3 expression during dehydration stress and early recovery phases (Fig. 4B) . As shown in Fig. 5A , the first mutant construct designated as Mut1 has core consensus sequence TGTCTC mutated to TCGAGC but CATGCA remained unchanged, the second construct Mut2 has CATGCA mutated to CAGGGA but TGTCTC was unchanged, while the third construct Mut3 has both the core sequences TGTCTC and CATGCA mutated. When GUS expression was studied using each of these mutant constructs, we observed that mutation of TGTCTC (Mut1) caused small but significant reduction in GUS expression during dehydration stress and recovery, compared to control. Interestingly, during 24 h of recovery, there was increased GUS expression compared to control, on mutating TGTCTC. Intriguingly, with Mut2 construct where CATGCA is mutated and TGTCTC remains unaltered, GUS expressions was significantly impaired during stress and especially stress recovery phases. The reduction was much more severe than with TGTCTCmutated construct. Mutation of both the core sequence reduced GUS expression in a manner almost similar to CATGCA mutation alone (Fig. 5B) . Taken together, from the above results we can conclude that although both the cis-elements contribute to ABI3 expression during dehydration stress and stress recovery, CATGCA plays a more prominent role in regulating ABI3 expression under such cues. These results further support the findings from our previous experiment on ABI3 recruitment to its own promoter region and indicate that ABI3 transactivates its own expression primarily through the CATGCA element.
Histone modifications at the ABI3 locus during transcription activation
Post-translational modification of histones is an essential feature for transcription regulation of any gene. Hence, we next wanted to complement our nucleosome repositioning and promoter function studies with associated histone modifications at the ABI3 locus. For this. chromatin immunoprecipitation-based studies were performed with chromatin isolated from stress and stress-recovery samples, with antibodies specific to modified histone residues. H3 K4 trimethylation (H3 K4me3), H3 K9 acetylation (H3 K9ac) and H3 K27 acetylation (H3 K27ac) are histone modification marks correlated with active transcription. All these modification marks were checked at the ABI3 locus starting from 1 kb upstream to 1 kb downstream from the TSS, during dehydration stress and recovery. For precise understanding, the region was divided into different regions: promoter distal region R1 (À1040 bp to À600 bp), promoter proximal region R2 (À580 to À240 bp), TSS region, 5 0 -UTR region R3 (+60 bp to +470 bp) and 5 0 -ORF region R4 (+500 bp to + 940 bp; Fig. 6A ). Region R1 6 . Histone modifications and RNAP II recruitment at the ABI3 locus. (A) Schematic representation of the ABI3 locus depicting TSS upstream regions R1 (À1040 to À600 bp) bearing cis-element CATGCA, R2 (À580 to À240 bp) bearing cis-element TGTCTC, the TSS, coding regions R3 (+60 to +470 bp) and R4 (+500 to +940 bp) bearing cis-element CATGCA. Chromatin isolated from plants without or with stress treatment followed by recovery for 1 and 4 h, respectively, was subjected to chromatin immunoprecipitation with antibody against H3 K9ac (B), H3 K27ac (C), H3 K4me3 (D), H3 (E) and RNAP II (F) and subjected to qPCR with primers specific to different regions of the ABI3 locus as mentioned earlier, and to the constitutively active reference gene EF1A. The represented data are a mean of at least three independent experiments with standard error bars. The significant changes P ≤ 0.05 are marked by *. covered one CATGCA element, R2 covered one TGTCTC element and a putative TATA box, while the R4 region had the other CATGCA element. When checked, H3 K9ac was found to be primarily enriched at the TSS region (Fig. 6B) . During stress conditions and through the recovery period, H3 K9ac at the TSS region was found to be significantly higher compared to control. Next, H3K27ac which is generally known to be associated with transcription activation of inducible genes was analysed. Unlike H3 K9ac, H3 K27ac had a broader distribution at the ABI3 locus. A significant level of H3 K27ac was seen at R1 covering CATGCA element, R2 covering TGTCTC element along with the predicted TATA box, as well as around the TSS (Fig. 6C) . The acetylation also spread into the TSS downstream coding regions R3 and R4. Enrichment of H3 K27ac was seen maximally during stress conditions, indicating that H3 K27ac may be a requisite for early transcription induction of the ABI3 gene. The presence of H3 K4me3 modification is known to be integrally associated with transcription initiation/early elongation [47, 48] . At the ABI3 locus, H3 K4me3 was primarily detected at the promoter-proximal region R2 and at the TSS region. No H3 K4me3 modification was detected in the TSS downstream regions that is beyond~60 bp and farther (Fig. 6D) . Histone modifications were next correlated with histone H3 levels in the same regions. The H3 level was found to be significantly reduced around the TSS and in the promoter proximal region R2, during stress and stress recovery, compared to control condition (Fig. 6E) . Some reduction in the H3 level was also observed in the TSS downstream regions R3 and R4, although reduction was not as significant as the TSS and upstream regions. In trying to correlate these histone modifications with 'transcription on' state of ABI3, we next checked RNA Pol II occupancy in these regions. In consonance with the above results, RNA Pol II occupancy was found to be distinctly high at the promoter-proximal region R2 bearing the predicted TATA box and the TGTCTC cis-element, as well as around the TSS region during stress and recovery phases. Some RNA Pol II occupancy was also detected at the TSS distal region R1 and in the coding region R3, during later stages of recovery (Fig. 6F ). All the above results indicate that histone modifications like H3 K4 trimethylation, H3 K27 and K9 acetylations and reduction in the level of H3 are an integral part of chromatin landscape modifications that are essential for RNA Pol II-mediated transcription of ABI3 gene under cues of dehydration stress and stress recovery.
The relation between histone acetylation and ABI3 gene expression
Above results indicate significant levels of histone H3 acetylation at the ABI3 locus during dehydration stress and recovery. To understand the essentiality of histone H3 acetylation in regulating ABI3 gene expression during dehydration stress and recovery, HAT inhibitor curcumin was used. Curcumin is an inhibitor of p300/ CBP in particular and does not affect the function of GCN5 [41, 49] . As mentioned in Materials and methods, 3-to 4-week-old Arabidopsis plants were treated with 400 lM curcumin and after recovery from curcumin treatment, the plants were subjected to dehydration stress and subsequent stress recovery as described previously. As shown in Fig. 7A , on curcumin treatment expression of ABI3, did not increase during dehydration stress and stress recovery, compared to curcumin-untreated samples. Thus, curcumin treatment inhibits ABI3 expression during dehydration stress and recovery. To further confirm, we checked the acetylation level of H3 K9 and H3 K27 residues at the ABI3 locus post-curcumin treatment. H3 K9 acetylation was found to reduce significantly during dehydration stress, at the TSS and 5 0 -UTR region R3 of curcumin-treated samples (Fig. 7B) . On curcumin treatment, H3 K27 acetylation was also found to reduce significantly at the TSS, regions R2, R3 and R4 of curcumin-treated cells during stress and recovery, compared to untreated controls. In region R1, however, only a marginal reduction in H3 K27ac was noticed (Fig. 7C) . Taken together, from the above results it becomes clearly evident that histone H3 acetylation is an essential requisite for ABI3 gene expression induced by dehydration stress and stress recovery.
Discussion
The nucleosome dynamics at the ABI3 locus Nucleosome occupancy and positioning in a locus, especially in the promoter region, have a profound impact on the regulation of gene expression and active regions are often devoid of nucleosomes [35, 40, 50] . Understanding how nucleosomes are positioned on the inactive ABI3 locus, thus gave us a better understanding of how ABI3 gene expression could be regulated under inducible cue. Our observation that designated cis-elements located in the TSS upstream region of ABI3 were occluded by positioned nucleosomes under control condition (Fig. 1) clearly indicates the essentiality of regulated exposure of such elements for controlling ABI3 gene expression. Three out of four nucleosomes positioned in the upstream regulatory region of ABI3 covered the cis-elements CATGCA, TGTCTC and the predicted TATA box. This is in accordance with the recent high-throughput studies in Arabidopsis which has shown that transcription factor binding sites are generally occupied by nucleosomes in the absence of transcription [51] . For ABI3 locus, no well-positioned nucleosome was found within the region of À200 bp to +60 bp that is adjacent to the TSS. Downstream to TSS again from +60 bp to +1000 bp, four additional nucleosomes could be positioned. Genome-wide assays indicate that compared to the promoter region, coding regions of high to moderately expressed genes have arrays of regularly spaced nucleosomes, more precisely within 1 kb downstream from the TSS [51, 52] . In agreement with the abovementioned reports, our results clearly showed that the ABI3 gene has relatively lower nucleosome occupancy in the promoter region compared to the coding region. Moreover, in the coding region within 1000 bp downstream to TSS, nucleosomes are more evenly spaced compared to the promoter region.
Under transcriptionally active condition that is during dehydration stress and stress recovery, repositioning of nucleosomes at the promoter and TSS regions of ABI3 was observed (Fig. 2) . Significantly increased nuclease sensitivity was observed at regions which were originally protected by positioned nucleosomes under transcription off state, indicating rearrangement of nucleosomes during transcription activation. Distinct reduction in nucleosome occupancy observed at regions covering the cis-element CATGCA (-IV), the predicted TATA box (-II) and TSS region, implies the essentiality of exposing these regions during transcription induction of ABI3 under dehydration stress and stress recovery. Our results are consistent with previous studies where it has been shown that the nucleosome occupancy at the TSS region has anticorrelation with gene expression [52] . Furthermore, studies on single locus have shown that at the AP2 locus in Fig. 7 . ABI3 expression and histone acetylations post-curcumin treatment. Three-to four-week-old Arabidopsis plants with or without 400 lM curcumin treatment were subjected to dehydration stress followed by 4 h recovery as mentioned earlier. (A) RNA isolated and subjected to RT-qPCR for comparative expression analyses of ABI3, using EF1A as the internal control. ChIP-qPCR analyses using (B) anti-H3 K9ac and (C) H3 K27ac antibodies to check comparative histone acetylation at specific regions of the ABI3 locus in the presence or absence of curcumin. The data represented here are a mean of at least three independent experiments with standard error bars. The significant changes P ≤ 0.05 are marked by *.
Arabidopsis which is transcriptionally repressed in leaf tissue nucleosomes occlude the transcription factor binding sites, whereas, in flower tissues where the gene is highly expressed, the transcription factor binding sites are free of nucleosomes [51] . In consonance with these observations, our result establishes the fact that, at the ABI3 locus positioned nucleosomes are present at the promoter region covering crucial cis-elements during transcription repression and these nucleosomes get repositioned at times of active transcription in response to dehydration stress and stress recovery.
ABI3 auto-activates its gene expression primarily through the CATGCA element at the promoter region Regulated exposure of the cis-elements at ABI3 promoter region was further complemented by the fact that ABI3 occupies its own upstream regulatory sequences during transcription activation. Interestingly, the pattern of ABI3 occupancy observed at either CATGCA or TGTCTC element was found to be similar to the expression pattern of ABI3 during dehydration stress and recovery observed earlier [11] . Significantly higher ABI3 occupancy observed at the CATGCA element compared to TGTCTC was striking, especially during stress recovery (Fig. 3) . It could be thus deduced that ABI3-mediated autoregulation of its transcription during dehydration stress and subsequent recovery occurs primarily through the CATGCA sequence at its promoter (Fig. 3) . The absence of ABI3 occupancy at the TSS downstream CATGCA element indicated that this element does not play a regulatory role during transcription activation of ABI3 under dehydration stress or recovery. Studies on promoters of eukaryotic transcription factors across species have revealed that a good number of transcription factors undergo autoregulation for transcription activation or repression of constitutive or inducible genes [53] . While in mammals and Drosophila, several homeotic genes have been found to transactivate their own expression, in plants examples are fewer [54] . In Arabidopsis, the homeobox gene ATHB2 is known to autoregulate its own transcription repression, while in apples the anthocyanin-regulating transcription factor MYB10 can bind to its own promoter sequence to autoregulate its expression [55, 56] . ABI3 is a B3 domain-containing transcription factor and not known to have any homeobox domain. Earlier study on regulatory network of B3 domain-containing transcription factors namely, ABI3, FUS3, LEC1 and LEC2 has shown that during embryogenesis and seed maturation FUS3, LEC1 and LEC2 regulate ABI3 expression, while ABI3 and FUS3 also regulate their own as well as each other's expression [23] . Our findings on ABI3 autoregulation through the Sph/RY element CATGCA, during dehydration stress response, is the first-ever report of its kind. Interestingly, a work on transcription regulation in E. coli using an evolutionary algorithm and a chemical-physical model has predicted that transcriptional autoactivators are more often controlled by several other transcription factors, or show cooperative binding compared to autorepressors [57] . It is possible that ABI3 too engages along with itself other transcription factor/s to regulate its expression under dehydration stress. Or, ABI3 shows a cooperative binding which initiates from CATGCA and extends to TGTCTC, when both the cis-elements are available for binding. Whatever happens, it is evident that the CATGCA element at the ABI3 promoter plays a primary role in autoregulation of ABI3 expression during dehydration stress response.
ABI3 promoter assay further indicated that the presence of CATGCA is essential for stimulating ABI3 promoter activity in response to dehydration stress and subsequent recovery. Promoter construct with TGTCTC alone showed a basal level promoter activity during dehydration stress or recovery, which increased by more than twofold in the presence of CATGCA (Fig. 4) . As per our observations during dehydration stress and early recovery phases, the presence of ciselements CATGCA and TGTCTC show efficient promoter activity, irrespective of whether cis-elements ACCGAC or ACTCAT are present or not. Mutations at these cis-elements fostered our understanding on the essentiality of CATGCA in regulating ABI3 expression. It was evident that mutation in CATGCA reduced ABI3 promoter activity more severely compared to the mutation in TGTCTC (Fig. 5) . As mentioned above, the regulation of ABI3 gene expression mediated by CATGCA and TGTCTC cis-elements may be through direct or indirect binding of ABI3 along with other transcription factors. During seed development and maturation phases, ABI3 is known to regulate downstream gene expression through Sph/ RY element CATGCA, which is enriched in seed-specific promoters or in genes regulated by ectopically expressing ABI3 [15, 19, 58, 59] . Interestingly, expression of ABI3 itself is known to be mediated by FUS3, LEC1 and LEC2 along with its own autoregulation, during seed development [23] . We observed preferential occupancy of ABI3 protein at the CATGCA site, during dehydration stress and the subsequent recovery response. It is plausible that similar to seed physiology, regulation of ABI3 expression under cues of dehydration stress and stress recovery is mediated by the CATGCA site either through direct binding of ABI3 or by a concerted effort of FUS3, LEC1, and LEC2 along with ABI3. The cis-element TGTCTC is an AuxRE, which is known to be bound by dimers of ARFs through their B3 DNA-binding domain [60, 61] . Recent reports have shown that ARFs contribute to ABI3 expression during seed dormancy [62] . The possibility thus remains that cis-element TGTCTC mediates ABI3 expression during dehydration stress and/or recovery response through ARFs in conjunction with ABI3 protein.
Histone modifications and regulation of ABI3 expression
Recent evidences indicate that regulation of gene expression in response to environmental cues involve diverse histone modifications, which coordinate the strict spatiotemporal regulation of transcription [63, 64] . Histone modification maps of H3 K9ac, H3 K27ac and H3 K4me3 were generated at the ABI3 locus and correlated with RNA Pol II occupancy to better understand nucleosome dynamics and promoter function of ABI3 under cues of transcription activation (Fig. 6 ). H3 K9 acetylation has long been positively correlated with gene expression level and is found to be enriched in the promoter and coding regions of the actively transcribing genes [65] [66] [67] . We observed that H3 K9ac marks at the ABI3 locus were found to be distinctly enriched at the TSS and towards the 5 0 coding regions, under conditions of active transcription. Additionally, H3 K9 acetylation level could be correlated with ABI3 gene expression level which increases during dehydration stress and further during stress recovery [11] . It is thus evident that H3 K9ac is a histone modification mark which is essentially associated with ABI3 gene expression. A recent work on gene expression in response to diurnal changes in Arabidopsis indicates that both H3 K9ac and H3 K27ac modifications are enriched near the TSS and over the gene body of actively transcribing genes [68] . In ABI3 locus, enrichment of H3 K27 acetylation was found to be broadly distributed starting from the promoter region, TSS and over the gene body under transcriptionally inducible cues. This observation is in perfect consonance with other recent studies which have shown that H3 K27ac is associated with active promoters and coding regions and this modification mark tends to co-occur with H3 K9ac [67, 69, 70] . Furthermore, curcumin treatment showed complete inhibition of ABI3 expression in response to dehydration stress or stress recovery along with significant reduction in H3 K27ac and K9ac (Fig. 7) . It is thus evident that H3 K9 and K27 acetylations are essential for ABI3 expression during dehydration stress and stress recovery. A significant increase in H3 K4me3 was also observed at the promoter proximal and TSS regions of ABI3 locus during transcription. Several earlier reports have indicated that H3 K4me3 modification mark is primarily associated with actively transcribing genes, including drought or dehydration stress-responsive genes [65, [71] [72] [73] . The positive correlation between H3 K4me3 modification and levels of transcripts has been established in systems ranging from yeast to Arabidopsis and human cells [71, [74] [75] [76] . We too observed such correlation and found that similar to the pattern of ABI3 expression [11] , H3 K4me3 modifications at the promoter and TSS regions of ABI3 locus increased during stress and further during stress recovery. This correlation thus clearly establishes the fact that ABI3 promoter activation involves H3 K4me3 modifications. This gained further support from our RNA Pol II occupancy data which distinctly showed similar enrichment at the promoter proximal and the TSS regions during dehydration stress, which increased further in the stress recovery phases. Our result is in consonance with previous observations that H3 K4me3 level positively influences RNA Pol II occupancy [47, 77] . Enrichment of H3 K4me3 and RNAP II at the same regions of the ABI3 locus indicate that such histone modification marks facilitate RNAP II-mediated transcriptional activity at the ABI3 locus under inducible cue. Taken together, our results here show the required histone modifications and the associated chromatin landscape changes that occur at the ABI3 locus during dehydration stress and recovery induced transcriptional activation.
In summary, our work elucidates the necessary histone modifications and associated changes in the chromatin landscape that are required to regulate ABI3 gene expression in response to dehydration stress and stress recovery. Most importantly, we have shown here for the first time how ABI3 autoregulates its transcription activation during dehydration stressresponsive signalling, primarily through the Sph/RY element CATGCA present in its promoter region. Of the several known cis-elements found in the promoter region of ABI3, CATGCA thus plays the most prominent role in ABI3 promoter response to dehydration stress, and more significantly during stress recovery. This work thus provides in-depth knowledge on the mechanism of ABI3 regulation under cues of dehydration stress and stress recovery. Any future endeavour to engineer such transcription factors into dehydration sensitive plants would require translation of this knowledge on the regulatory mechanism of ABI3 expression in response to dehydration stress. 
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